Abstract. High resolution data on low energy phonon branches (acoustic and soft optic) along the three principal symmetry axes in pure KTaO3 were obtained by cold neutron inelastic scattering between 10 and 80 K. Additional off-principal axis measurements were performed to characterize the dispersion anisotropy (away from the <100> and <110> axes). The parameters of the phenomenological model proposed by Vaks [28] are refined in order to successfully describe the experimental low temperature (10 < T < 100 K) dispersion curves, over an appreciable reciprocal space volume around the zone center (|q| < 0.25 rlu).
both crystals remain paraelectric down to the lowest temperatures (T ). These materials, alternatively called incipient ferroelectrics or quantum paraelectrics, exhibit a wide range of anomalous thermal properties associated with the low frequency TO-mode and its mixing at finite wavevector with the transverse acoustic (TA) degrees of freedom [3, 4] . Of particular interest is the observation of an extra Brillouin scattering doublet with a sound-like dispersion relation, originally attributed to second sound [5, 6, 7] . This new excitation appears on top of the broad quasi-elastic central peak first reported by Lyons and Fleury [8] . Understanding these low-T features requires a complete and accurate knowledge of the low-frequency phonon dispersions not only along the principal axes but also in nonsymmetry directions.
The case of SrTiO 3 is more complicated than that of KTaO 3 , because SrTiO 3 undergoes the well-know cubicto-tetragonal antiferrodistortive structural transition at T a ∼ 105 K [9, 10, 11, 12] , below which the unit cell is doubled. Owing to this, the crystal in the distorted phase (T < T a ) can form two types of domains: three tetragonal domains with the c-axis parallel to either one of the three <100> cubic directions and, in each case, two antiphase sub-domains corresponding to opposite rotational amplitudes for the oxygen octahedra. While the tetragonal domains can be aligned by application of uniaxial pressure [4, 5] , the antiphase domain structure is more difficult to control and there is growing evidence that it may give rise to anomalous spectral features [13] .
In addition to these experimental difficulties, the modelisation of the phonon spectra in tetragonal SrTiO 3 is intrinsically more complex due to the presence of the three structural soft modes originating from the cubic-phase R 25 zone-corner mode. For all these reasons, it appeared preferable to first investigate in detail the ferroelectric TOmode and acoustic mode dispersions in KTaO 3 where the quantum paraelectric state is not perturbed by the presence of other low-lying optic branches.
Information on the low frequency excitations in KTaO 3 , is available from scattering experiments such as, Raman [14] , hyper-Raman [15, 16] , Brillouin [6, 7, 8] , and neutron scattering [3, 17, 18, 19, 20] , and from infrared spectroscopy [21, 22] . Indirect information is also available from dielectric [23] and thermal [24] measurements. Neutron-scattering studies have revealed a strong anisotropy in the TA-mode dispersion, suggesting an anisotropic TA-TO interaction mechanism [3, 19] . Perry et al. [20] measured the complete set of phonon dispersions along the three principal directions at several temperatures between 4 K and 1200 K.
The data were analyzed using a self-consistent anharmonic shell-model taking account of the anisotropic non-linear polarizability of the oxygen O 2− ion [20, 25, 26] .
In the present paper we are actually interested in a simpler phenomenological approach limited to the low energy branches near the center of the Brillouin zone (BZ 2 Experimental conditions and data analysis
Sample
The Ultra High Purity (UHP) crystal used for this experiment was grown by one of us at the Oak Ridge National Laboratory using the "modified spontaneous nucleation" method in a slowly cooled flux [35] . This technique yields single crystals with blue semiconducting parts surrounded by colorless UHP-material. The sample used here is a 2.5 It should be remarked that the thickness of 0.2 cm is near optimal for cold neutron work due to the large absorption cross-section of Ta (σ a (natural Ta) ≃ 40 bn at 6 meV).
Scattering technique
The experiments were performed on the cold neutron three 
4D-Monte Carlo adjustment
The inelastic neutron scattering data treatment was performed using the usual procedure in the case of anisotropic dispersion surfaces [29, 30] . First, the gaussian 4-dimensional (q, ω) modelization of the resolution ellipsoid was performed using the Popovici method [36] implemented in Rescal [37] . The model ellipsoid was then convoluted with a locally anisotropic quadratic expansion of the dispersion surface using a Monte Carlo algorithm around a reference point (ξ 0 , ω 0 ). The expansion is taken as
where ξ // is the projection of the reduced wavevector shift, 
The actual fit is obtained using a least square convergence criterion implemented in a Marquardt-Levenberg gradient algorithm [39] . A typical energy scan along a principal axis is illustrated in Fig. 1 . A typical off-axis wavevector scan, perpendicular to a principal direction, is shown in Fig. 2 . As already remarked in [19, 20] , the asymmetrical line profile seen in Fig. 1 , is fully accounted for by the finite wavevector resolution combined with the steep and anisotropic dispersion of the TA-mode.
3 Experimental results
Zone-center soft TO-mode
The frequency Ω sm and damping Γ sm of the soft F 1u (Γ 15 ) TO-mode at the BZ-center were obtained as a function of temperature. As shown in Fig. 3 , the squared TOfrequency follows a standard Curie-Weiss law above ∼ 30 K, and saturates at a finite value Ω 2 sm ∼ 6 meV 2 below 10 K. This is in perfect agreement with previous hyperRaman determinations [15, 16, 40] . For the mode-damping coefficient (Fig. 4) , the present neutron-scattering measurements also agree perfectly with recent hyper-Raman data on a sample of similar quality [40] . The slopes of the TA-dispersion curves in the vicinity of the BZ-center are in good agreement with the elastic constants that are known from neutron and Brillouin scattering [6, 20, 34] . In contrast to the case of the TO-mode, no measurable damping could be extracted from the TA and LA-mode experimental line-shapes. This sets an upper limit for Γ T A and Γ LA at about 0.05 meV. Finally, as seen in Fig. 6 , the original Vaks model parameters [28] do not describe satisfactorily low-T TA-modes along high symmetry axes for |q| 0.1 rlu (ω 2 meV).
Low energy phonon-dispersion curves

Anisotropy of the spectrum
In order to characterize the phonon-spectrum anisotropy, some off-principal axis scans were performed. Starting from a reciprocal space position on a high symmetry axis, q-scans perpendicular to this axis have been performed.
A typical q-scan at constant ω is shown in Fig. 2 . Some ω-scans at constant off-axis q were also performed. Comès 
Parameterization of the phonon spectrum
Two alternate approaches have been used to describe the phonon spectrum of KTaO 3 . First, the phenomenological description due to Vaks [27, 28] It includes 8 adjustable parameters, but 4 of these are well determined from light-scattering data. As the physical basis of the model is only detailed in Ref. [28] , we summarize it below, specializing to the cubic case which is of interest here. We shall then refine the parameter determination in order to obtain a reliable description of low-lying dispersion surfaces.
Effective Hamiltonian
One considers first the harmonic part of the lattice Hamil- 
where ǫ ∞ is the high frequency dielectric permittivity of the crystal. The tensorΦ accounts for the "short-range" part of the potential energy, i.e. for the contribution of the short-range forces plus the analytical (in q, at q → 0) part of the dipole-dipole interaction. The non-analytical part is taken into account by introducing the Fourier transform of the macroscopic electric field E(q), which is given by
The Fourier transform of the macroscopic electric polarization is defined by
where v c = a
Using a routine procedure, Eqs. (3), (4), and (5) give an effective Hamiltonian that can be diagonalized in terms of normal phonon coordinates. However, following Vaks [27, 28] the most convenient form of the Hamiltonian for the present purpose is obtained using a linear transformation of the displacements u i (q) which diagonalizes only the short-range part of H in the limit q → 0. One selects a particular u to describe the acoustic modes by
One defines then the optical displacements x b (q) by
where α and β are cartesian indices. In writing (7) and (5) give: is non-analytic at q → 0. It represents the contribution from the long-range part of the dipole-dipole interaction,
where n = q/|q|, and z b,αα ′ = i e i L iα,bα ′ / √ m i is the effective charge tensor for the b-set of optic modes in the limit q → 0, which in view of the cubic symmetry is ∝ δ αα ′ [28] .
One is only interested in the low frequency part of the spectrum. Following Vaks [27, 28] , one first diagonalizes the optical part of (8) given as a function of the direction of q (n = q/q) by
where n is written in the cubic reference frame X, and
One sees that in the rotated frame the components of the acoustic and optical bare mode displacements (as defined in (6) and (7)), associated with the 5 modes of interest are just x 1 , x 2 , u 1 , u 2 , and u 3 , while x 3 is essentially the displacement of the LO 4 mode which has been eliminated. Finally, the 5-mode Hamiltonian can be written [27, 28] :
The components of the tensorsÂ,Ŝ andV that give nonvanishing contributions in the subspace (x 1 , x 2 , u 1 , u 2 , u 3 ) in the small-q limit arê
with
The tensor γ αβγδ is defined, in the cubic frame, by γ αβγδ = 1 if α = β = γ = δ, and γ αβγδ = 0 otherwise. In that frame,Â,Ŝ, andV stand for acoustic, optic, and acousticoptic coupling tensors respectively, split into transverse g t , longitudinal g l , and anisotropic g a parts, as seen in (12).
The coefficients S l and V l do not appear in (12) since x is taken as purely transverse.
Since the kinetic energy terms are already diagonal, the phonon-dispersion curves for the 5 branches are given by the square roots of the eigenvalues of the following matrix:
The isotropic matrix, H is , is
and the anisotropic one, H anis , is
in which
The eigenvalues ω i (q) of H (5) (q) are the squared phonon frequencies, and the diagonalization matrix L i,j (q) reflects the mode mixing. Thus, the renormalized acoustic u and optical x displacements in the canonical cubic axis system are obtained through a linear combination of bare mode displacements:
where M j indicates the column j in matrix M .
In the matrix H is , the parameters S t , A t , and A l appear as squared dispersion-curve slopes whereas V t is a TA-TO coupling parameter, and S a , A a , and V a contribute to the off-principal axis squared slopes.
Adjustment of the phonon-dispersion surfaces
We now use the above model to parameterize the measured phonon spectra. Since the parameter set given by
Vaks for KTaO 3 (see Table 1 and Figures 6 and 7) leads to typical deviations of 0.5 meV or more with respect to our inelastic neutron scattering measurements, it is necessary to recompute the parameter values. The model contains 8 parameters:
where only the latter is appreciably T -dependent. Three parameters can be expressed in terms of the elastic constants C ij and the density ρ = 6.967 g/cm 3 of the crystal [27, 28] :
The values of the elastic constants are known from Brillouinscattering experiments [6, 34] : C 11 = 4.344 ± 0.049, C 12 = 1.027 ± 0.038, and C 44 = 0.990 ± 0.020 in 10 11 N/m 2 .
The T -dependent values of λ are available from the hyperRaman measurements [15, 16, 40] . The values used presently are given in Table 2 . Thus, there remain only 4 adjustable parameters at our disposal, namely S t , V t , S a , and V a .
We adjusted our data on the 5 lowest frequency modes for the <100>, <110>, and <111> directions to the square roots of the eigenvalues of the matrix (14) . The fit was performed with a Marquadt-Levenberg algorithm and a least square criterion, for the temperatures, 10, 24, 39, 60, and 80 K, keeping the parameters temperature independent.
The overall correlation coefficient when using 151 neutron and Brillouin measurements is r 2 = 0.995, and the determined model parameters are given in Table 1. This table   also contains the sets of parameters determined by previous workers [3, 27, 28] . Appreciable differences in some of these can be seen. The obtained parameterization of the spectrum has been tested by comparing the phonon frequencies measured off principal directions with those calculated from the parameters, as shown in Figs.7 and 8.
One sees that the model gives also a reasonable description for the off-axis dispersion.
The model provides a global description of the lowfrequency spectrum of KTaO 3 as illustrated in Fig. 9 and in the low temperature region (10 < T < 100 K).
The achieved accuracy is ∼ 0.1 meV in the vicinity of the high symmetry axes, and remains better than ∼ 0.2-0.3 meV away from these i.e. of the order of the experimental uncertainties.
Conclusion
We presented the results of cold neutron high resolution (meV /rlu) 
